Effects of Ion Bombardment on Carbon Nanotube Formation in Strongly Magnetized Glow-Discharge Plasmas
Introduction
Carbon nanotubes have shown a variety of applications such as nanoelectronic devices, 1) field emitters, 2) and scanning probes.
3) For these applications, the formation of nanotubes well aligned perpendicularly to substrates, where they grow, has been investigated using various methods such as chemical vapor deposition (CVD), 4, 5) hot-filament CVD 6, 7) and plasma-enhanced CVD (PECVD). [8] [9] [10] [11] Recently, the production of uniform and well-aligned carbon nanotubes by PECVD using a magnetron-type radio-frequency (rf) glow-discharge plasma has been performed, [12] [13] [14] [15] and it has been demonstrated that the nanotubes are effectively produced on a cylindrical rf electrode, which is negatively self-biased and exposed to a strong plasma-sheath voltage drop. Furthermore, a freestanding individual singlewalled carbon nanotube is also synthesized on the basis of the plasma sheath effect. 16, 17) However, a strong sheath voltage generates high-energy ions that impinge on the rf electrode, resulting in the deformation of the nanotubes well aligned on the rf electrode. 15) Thus, to prevent the highenergy ions from directly impinging on the rf electrode, i.e., the nanotubes, we propose the external application of strong magnetic fields using a superconducting magnet in a manner such that the field lines are perpendicular to the plasmasheath electric field. Although the synthesis of carbon nanotubes in strong magnetic fields up to 10 Tesla (T) has been performed using an arc discharge plasma, 18) almost no experimental results have been reported concerning plasma diagnostics, and the effects of a strong magnetic field on plasma parameters and resultant nanotube growth have not yet been elucidated.
In this paper, we characterize the physical plasma parameters dominating the nanotube growth, particularly ion energy and flux toward a substrate under a strong magnetic field condition, and clarify phenomena associated with ion bombardment effects.
Experimental Apparatus
The schematic of the experimental apparatus used is shown in Fig. 1 . A magnetron-type rf (13.56 MHz) glow discharge plasma is generated, where a powered cylindrical rf electrode (25 mm in diameter) is made of Ni and installed in the center of a grounded cylindrical chamber (84 mm in diameter and 600 mm in length). In order to control the plasma parameters including the sheath electric field, a strong magnetic field is externally imposed parallel to a powered rf-electrode surface, i.e., perpendicularly to the sheath electric field, using a Gifford-McMahon (GM) cryocooled superconducting magnet with a 400-mm-diameter and 505-mm-length magnet bore that produces strong magnetic fields up to 4 T (max) at the axis center of the bore. The glow discharge plasma is generated by an rf power source through a matching box (M.B.) and a blocking capacitor (B.C.). The plasma system for the nanotube growth is operated typically at the rf power of 1400 W, and the dc bias voltage component (V RFE ) of and dc current (I RFE ) toward the rf electrode can be externally controlled by connecting a dc power supply through a low-pass filter (L.P.F) circuit. In addition, the geometrically unique difference from the prevailing PECVD unit is that the active rf electrode with a cylindrical shape plays both the catalytic #2005 The Japan Society of Applied Physics and deposition substrate roles. As a hydrocarbon source and dilution gas for the nanotube growth, methane (CH 4 ) and hydrogen (H 2 ) are used, respectively, with a mixture ratio of CH 4 : H 2 ¼ 9 : 1 at a total gas pressure of 0.1 Torr. The plasma density n e , electron temperature T e , and plasma potential s are measured using a Langmuir probe, and timevarying and averaged current-voltage characteristics are carefully analyzed. Field emission scanning electron microscopy (SEM, Hitachi S-4100) and field emission gun transmission electron microscopy operated at 200 kV (TEM, HF-2000) are used to observe the structures of the nanotubes produced on the rf electrode.
Results and Discussion

Plasma characteristics in strong magnetic field
In order to clarify the plasma characteristics in strong magnetic fields up to 2 T, argon gas is used here for generating plasmas because the methane plasma immediately contaminates the probe and interferes with accurate measurements. Furthermore, the measurement of plasma parameters is performed at the low rf power of 600 W to protect the probe measurement system. Figure 2 shows the dependences of the dc self-bias voltage of the rf electrode V RFE and plasma potential s on the magnetic field B z , where the rf electrode is not connected to the dc power supply, i.e., the potential of the rf electrode is floated. V RFE is observed to be about À110 V at B z ¼ 0:03 T. When the magnetic field is increased with the rf electrode kept at floating potential, V RFE gradually increases and changes to a positive value at B z > 0:4 T. On the other hand, s is positive in the weak magnetic field (B z ¼ 0:03 T) and gradually changes to a negative value with an increase in B z . Here, the sheath voltage is defined as V sh ¼ V RFE À s , which leads to the evaluation of the sheath electric field in front of the rf electrode. The strong magnetic field is found to change V sh from negative (
, namely, from the ion sheath to the electron sheath. Since the drift velocity of electrons along the sheath electric field is much larger than that of ions in the case of the weak magnetic field, the floated rf electrode is negatively charged. In the case of a strong magnetic field, on the other hand, electrons are strongly magnetized and their drift velocity across the magnetic field lines becomes much smaller than the ion drift velocity. As a result, the potential of the floated rf electrode becomes positive in order for the ion current flowing toward the rf electrode to balance with the electron current. On the basis of the result of the sheath voltage, it is expected that the ions impinging on the rf electrode can be accelerated by the ion sheath (negative sheath voltage) and have a high energy (>100 eV) at B z ¼ 0:03 T, while the ions are gradually decelerated and ultimately reflected by the electron sheath (positive sheath voltage) for a stronger magnetic field of approximately B z ¼ 2 T. Figure 3 presents the dc current flowing toward the rf electrode I RFE as a function of V RFE at B z ¼ 2 T, where V RFE is positive (¼ þ20 V) in the case that the rf electrode is floated but is forced to be controlled by the dc power supply connected to the rf electrode. When V RFE is negatively biased from the floating potential, I RFE increases in proportion to jV RFE j. This result shows that the sign of sheath voltage changes from positive to negative, and the ion flux toward the rf electrode increases when a negative dc bias voltage is applied even under the strong magnetic field condition.
In order to clarify the effects of the magnetic field on the sheath voltage and the ion flux toward the negatively biased rf electrode, the dependences of the plasma potential s and the dc current toward the rf electrode I RFE on the magnetic field B z are presented in Fig. 4 , together with the dc bias voltage of the rf electrode V RFE , where V RFE is fixed at À110 V, which corresponds to the floating potential of the rf electrode at B z ¼ 0:03 T. In Fig. 4(a) , s is found to decrease with an increase in B z in the same manner as the case of the floated rf electrode. However, the sheath voltage is always negative in contrast to the case of the floated rf electrode, and the absolute sheath voltage jV sh j remains sufficiently large (>40 V), accelerating the ions even at B z ¼ 2 T. In Fig. 4(b reduction in electron current across the magnetic field lines and the constant ion current that is not affected in the weak magnetic field region. On the other hand, at B z > 0:4 T, the ion current also slightly decreases, but 70% of the maximum ion current still flows toward the rf electrode at B z ¼ 2 T.
Carbon nanotube formation in strong magnetic field
The plasma system for the nanotube growth is operated at B z ¼ 2 T with V RFE as a parameter for investigating the effects of the strong magnetic field and the sheath voltage on the nanotube formation. Figure 5 presents the scanning electron microscopy (SEM) images of the row soot deposited on the Ni rf electrode surface after the 60 min discharge at B z ¼ 2 T and V RFE ¼ þ60 V, 0 V, and À100 V. It is to be noted that the floating potential of the rf electrode is V RFE ¼ þ60 V at B z ¼ 2 T in this case, which is different from the results in Figs. 2 and 3 (V RFE ¼ þ20 V), because methane and hydrogen are now used for the nanotube formation instead of argon and the rf power is increased to 1400 W. Since the dependence of V RFE on the magnetic field in the methane/hydrogen plasma is confirmed to be qualitatively the same as that in the argon plasma, the plasma parameters measured in the argon plasma are applicable to the following nanotube formation.
In the cases of V RFE ¼ þ60 V and 0 V, most of the products are observed to consist of amorphous carbon. When the sheath voltage is not negative, the positive ions as a carbon source for the nanotube formation cannot reach the rf electrode, and as a result, the nanotubes cannot be formed. In the case of V RFE ¼ À100 V, on the other hand, multi-walled carbon nanotubes (MWNTs) are successfully formed. Since the MWNTs can be formed for more negative V RFE , we apply V RFE ¼ À200 V and investigate the effects of the weak and strong magnetic fields on the nanotube formation. Here, V RFE ¼ À200 V corresponds to the floating potential of the rf electrode at B z ¼ 0:03 T for the methane and hydrogen plasma with the rf power of 1400 W.
The SEM images of the MWNTs produced at V RFE ¼ À200 V and B z ¼ 0:03 T, 0.4 T, and 2 T are presented in Fig. 6 , where the other experimental conditions are the same as those in Fig. 5 . It is found that the MWNTs are formed in both the weak and strong magnetic fields and are well aligned, which is caused by the large sheath electric field in front of the rf electrode. However, it is noted that the nanotube structures produced at B z ¼ 0:03 T and 0.4 T are very thick as compared with that produced at B z ¼ 2 T. In order to reveal the structure of the thick nanotube, the transmission electron microscopy (TEM) images of the MWNTs grown at B z ¼ 0:03 T and 2 T for V RFE ¼ À200 V are displayed in Fig. 7 . According to the analysis of the TEM images in the case of B z ¼ 0:03 T, it is confirmed that a few MWNTs combine with each other, and a thick nanotube-like graphitic material with a diameter of about 400 nm, is produced. In the case of B z ¼ 2 T, on the other hand, the individual MWNTs with a hollow structure can be seen and their diameter remains small ($50 nm). Based on our experimental results, let us discuss the nanotube structure modified by the magnetic field. In the case of the weak magnetic field, since the ions are accelerated by the negative V sh in front of the rf electrode as shown in Fig. 4 and impinge on the rf electrode with a high energy, the produced MWNTs are considered to be deformed by the bombardment of the high-energy ions. On the other hand, when the strong magnetic field is applied perpendicularly to the sheath electric field, the magnetic field prevents the high-energy ions from directly impinging on the rf electrode due to the magnetization of the ions, even if the large sheath voltage that can accelerate the ions exists.
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Here, the energy of the ions impinging on the rf electrode is calculated by considering the effect of the magnetic field applied perpendicularly to the sheath electric field using the experimentally obtained plasma parameters in the argon plasma. The ion drift velocity v di across the magnetic field lines, which corresponds to the bombardment energy of ions toward the rf electrode, is described as 19) v
where E, rn=n, , and D are the sheath electric field, density gradient in front of the rf electrode, mobility, and diffusion coefficient of the ions, respectively. The effect of the magnetic field is represented by ! c , where ! c =2 is the ion cyclotron frequency and is the collision time between ions and neutral gas. Figure 8 shows the absolute sheath voltages jV sh j (closed circles) experimentally obtained from the results in Fig. 4 (a) and the energy " cal (¼ mv di 2 =2) (solid line) of ions impinging on the rf electrode, which is theoretically calculated using eq. (1). The magnetic field is found to effectively decrease the ion drift velocity, i.e., ion bombardment energy. The calculated ion energy is about 140 eV and almost consistent with the sheath voltage (jV sh j ¼ 140 V) at B z ¼ 0:03 T, while the ion energy is found to become extremely low ($2 eV) at B z ¼ 2 T despite the existence of the large sheath voltage (jV sh j ¼ 45 V). Since the covalent bonding energy of carbon is reported to be about 147 kcal/mol, i.e., 6.4 eV, the ions with the energy lower than 6 eV cannot dissociate the graphite layer of MWNTs. Therefore, the low-energy ions realize the formation of the individual nanotubes that do not combine with each other.
When the sheath voltage jV sh j is reduced by the control of V RFE for the reduction in ion bombardment energy, the ion current flowing toward the rf electrode I RFE also decreases [see Fig. 3 ], and as a result, the MWNTs are not formed in the case of positive V RFE as shown in Fig. 5 . This indicates that the ion flux toward the rf electrode is necessary for the formation of MWNTs. In this sense, the method of applying the negative bias voltage to the rf electrode in the strong magnetic field has an advantage in the nanotube formation, because the ion flux toward the rf electrode remains sufficiently large, forming the MWNTs, and furthermore, the MWNTs are found to be well aligned due to the existence of the sheath electric field and not to be deformed due to the reduction in ion bombardment energy toward the rf electrode.
Conclusion
The multi-walled carbon nanotubes (MWNTs) are formed by plasma-enhanced chemical vapor deposition directly on the rf electrode under the strong magnetic field condition. When the methane/hydrogen plasma is generated in the weak magnetic field (B z ¼ 0:03 T), the self-bias voltage of the rf electrode attains À200 V and the MWNTs formed on the rf electrode are deformed by the bombardment of the high-energy ions. On the other hand, when the strong magnetic field (B z ¼ 2 T) is applied in the case of the negatively biased rf electrode, the MWNTs are observed not to be deformed and to grow in the well-aligned form along the sheath electric field. This result can be explained by the reduction in ion bombardment energy caused by the magnetization of the ions at B z ¼ 2 T and the continuous supply of the ion flux toward the rf electrode that remains sufficiently large, forming the MWNTs. Finally, it is found that the control of the sheath voltage and the ion bombardment energy by the magnetic field introduction has crucial effects on the nanotube growth. 
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